The insula is a multimodal sensory integration structure that, in addition to serving as a gateway between somatosensory areas and limbic structures, plays a crucial role in autonomic nervous system function. While anatomical studies following the development of the insula have been conducted, currently, no studies have been published in human fetuses tracking the development of neuronal migration or of white matter tracts in the cortex. In this study, we aimed to follow the neuronal migration and subsequent maturation of axons in and around the insula in human fetal ages. Using high-angular resolution diffusion magnetic resonance imaging tractography, major white matter pathways to/from the insula and its surrounding operculum were identified at a number of time points during human gestation. Pathways likely linked to neuronal migration from the ventricular zone to the inferior frontal gyrus, superior temporal region, and the insular cortex were detected in the earliest gestational age studied (15 GW). Tractography reveals neuronal migration to areas surrounding the insula occurred at different time points. These results, in addition to demonstrating key time points for neuronal migration, suggest that neurons and axonal fiber pathways underlying the insula and its surrounding gyri mature differentially despite their relationship during cortical folding.
Introduction
Anatomical studies tracking the growth of the insular cortex during gestation show that the insula is the first cortex to differentiate and develop beginning at 6 gestational weeks (GWs) in humans (Cunningham 1891; Retzius 1896; Streeter 1912; Kodama 1926; Benes 1994; Afif et al. 2007 ). The insula is a diverse region both functionally and connectively, with subregions involved in somatosensation, olfaction, interoception, motivation, and homeostatic function (Augustine 1996; Small et al. 1999; Craig 2002 Craig , 2009 Olausson et al. 2002; Shelly and Trimble 2004) . The insula is known to have 3 predominate subdivisions, posterior, dorsal anterior, and ventral anterior (Chang et al. 2013; Borsook et al. 2016) . The posterior subdivision, located near the auditory cortex and the SII region of the somatosensory cortex, has connectivity implicating it in both bodily sensations and interoception (Craig et al. 2000; Craig 2002; Olausson et al. 2002; Ostrowsky et al. 2002 , Wager et al. 2004 . The dorsal and the ventral anterior insula have associations in emotion, chemo-sensation, and autonomic function (Pritchard et al. 1999; Chang et al. 2013; Gu et al. 2013; Borsook et al. 2016) .
While many studies have been conducted examining connectivity of the insula in adults and adolescents (Angevine et al. 1962; Le Gros Clarkamd Russell 1939; Klinger and Gloor 1960; Yakovlev et al. 1960; Augustine 1996; Kalani et al. 2009; Cerliani et al. 2011; Cloutman et al. 2012; Dennis et al. 2014) , few studies exist analyzing connectivity in newborns and during gestation; as a result, little is known about the development and time frame of insular maturation in fetuses. To better understand the development of the insular cortex, in this study, fetal human brains were examined using high-angular resolution diffusion MR imaging (HARDI) at multiple developmental time points through gestation to track the progression of neuronal migration to the insula, the superior temporal region (ST region), and the inferior frontal gyrus (IFG), as well as fiber development in those regions. The gyri surrounding the insula were included in order to observe the effect of neuronal migration during various stages of operculization.
Because white matter appears homogeneous in conventionally acquired structural magnetic resonance (MR) images, it is difficult to appreciate detailed pathways within the white matter with structural MR images. Alternative approaches employing tracer injections are limited to the study of a small number of white matter pathways in a localized area of the brain. HARDI tractography enables identification and discrimination of complex overlapping white matter pathways (Tuch et al. 2002; Berman et al. 2013) , even in immature fetal brains (e.g., Takahashi et al. 2011 Takahashi et al. , 2012 , which are typically more challenging to segment due to a surplus of unmyelinated pathways. Although several techniques to assess white matter development have been established in addition to diffusion MR tractography (Ball et al. 2013; O'Muircheartaigh et al. 2014) , diffusion tractography uniquely allows for the detection of 3-dimensional (3-D) pathways.
Neuronal precursor cells originating in the ventricle reach their ultimate cortical targets using radial glial scaffolding (Rakic 1972; Edmondson and Hatten 1987) . While diffusion tractography traditionally has been used to detect white matter pathways, neuronal migration pathways are also visible (e.g., Takahashi et al. 2012; Xu et al. 2014) . Radial tractography pathways from the ventricle can be often inferred to radial neuronal migration pathways (e.g., Takahashi et al. 2012 ). After migration is completed, radial glia retract and the migrated neurons differentiate in their target areas. Although it is not always obvious the difference between migration and axonal pathways using diffusion tractography, trajectories, and terminal regions of the pathways are the key to differentiate them (e.g., Wilkinson et al. 2016; Vasung et al. 2017) . While gross anatomy studies following the development of the insular cortex have been conducted (Afif et al. 2007) , currently, no studies have been published in human fetuses tracking the development of neuronal migration or white matter pathways in the insular cortex. In this work, we study the development of the insular cortex and its surrounding gyri (IF and ST gyri) in a series of human fetal ages using HARDI tractography with the intent to improve the current knowledge of the cortex and create a framework for future studies exploring normal and pathological development of the insula.
Materials and Methods

Fetal Brain Specimens
Eight brains were imaged for this study, with ages between 15 and 40 GWs. Postmortem brains were obtained from the Department of Pathology, Brigham, and Women's Hospital (BWH), Allen Institute Brain Bank (AIBB). Postmortem specimens were obtained with full parental consent. The primary cause of death was complications of prematurity. The brains were grossly normal, and standard autopsy examinations of all brains undergoing postmortem HARDI revealed minimal or no pathologic abnormalities at the macroscopic level. Images of vivo brains were obtained from Boston Children's Hospital (BCH). Living participants (1 newborn at 40 GW) had clinically indicated brain MRI studies that were diagnostically interpreted to show no abnormalities. Refer to Table 1 for summarized details on specimens. All research protocols were approved by the institutional review board.
Tissue Preparation for HARDI
At the time of autopsy, all brains were immersion fixed. The brains from BWH were stored in 4% paraformaldehyde, and the brains from AIBB were stored in 4% periodate-lysineparaformaldehyde (PLP). During MR image acquisition, BWH brains were placed in Fomblin solution (Ausimont) (e.g., Takahashi et al. 2012) and AIBB brains were placed in 4% PLP. While these different solutions tend to change the background contrast (i.e., we see a dark background outside of the brain using Fomblin, and a bright background using PLP), these solutions do not specifically change diffusion properties (e.g., FA and ADC) within the brain parenchyma.
Diffusion MRI Procedures
Different scanner systems were used to accommodate different brain sizes (same as in e.g., Takahashi et al. 2012; Xu et al. 2014; Miyazaki et al. 2016; Wilkinson et al. 2016) . MR coils that best fit each brain sample were used to ensure optimal imaging. The postmortem brain specimens from BWH were imaged with a 4.7 T Bruker Biospec MR system (specimens from 15 to 20, 26, and 31 GW), and specimens from the AIBB were imaged with a 3 T Siemens MR system (2 fetal specimens [21, 22 GW]) at the A. A. Martinos Center, Massachusetts General Hospital, Boston, MA, USA. The 3 T system was used to accommodate the AIBB brains that were in cranio and did not fit in the 4.7 T bore. To improve the imaging quality and obtain the best signal-tonoise ratio and high spatial resolution, we used custom-made MR coils with one channel on the 4.7 T and 3 T systems (Takahashi et al. 2012; Kolasinski et al. 2013; Xu et al. 2014) .
For the BWH brains, a 3-D diffusion-weighted spin-echo echo-planar imaging (SE-EPI) sequence was used with a repetition time/echo time (TR/TE) of 1000/40 ms, with an imaging matrix of 112 × 112 × 112 pixels. Sixty diffusion-weighted measurements (with the strength of the diffusion weighting, b = 8000 s/mm 2 ) and one nondiffusion-weighted measurement (no diffusion weighting or b = 0 s/mm 2 ) were acquired with δ = 12.0 ms and Δ = 24.2 ms. The spatial resolution was 440 × 500 × 500 μm. For the brains from the AIBB, diffusion-weighted data were acquired over 2 averages using a steady-state free-precession sequence with TR/TE = 24.82/18.76 ms, α = 60°, and the spatial resolution was 400 × 400 × 400 μm. Diffusion weighting was isotropically distributed along 44 directions (b = 730 s/mm 2 ) with 4 b = 0 images. The in vivo sample (40 GW) from BCH was imaged on a 3 T Siemens MR system, Boston Children's Hospital, Boston, MA, USA. The diffusion pulse sequence used for imaging in vivo was a diffusion-weighted SE-EPI sequence, TR/TE 8320/88 ms, with an imaging matrix of 128 × 128 × 64 pixels. The spatial resolution was 2 × 2 × 2 mm. Thirty diffusion-weighted measurements (b = 1000 s/mm 2 ) and 5 nondiffusion-weighted measurements (b = 0 s/mm 2 ) were acquired with δ = 40 ms and Δ = 68 ms. We determined the highest spatial resolution for each brain specimen with an acceptable signal-to-noise ratio of more than 130 for tractography.
Reconstruction and Identification of Tractography Pathways
We used Diffusion Toolkit and TrackVis to reconstruct and visualize neural migration pathways. A streamline algorithm for diffusion tractography was used (Mori et al. 1999) , described in previous publications (Schmahmann et al. 2007; D'Arceuil et al. 2008; Takahashi et al. 2010 Takahashi et al. , 2011 Takahashi et al. , 2012 . The term "streamline" refers to connecting tractography pathways using a local maximum or maxima. This method is true for both DTI and HARDI. The streamline technique is limited in its ability to resolve crossing pathways when used with the traditional DTI technique because one simply connects the direction of the principal eigenvector on a tensor to produce the DTI tractography pathways. This feature is a recognized limitation of DTI (Mori et al. 1999) . Hence, in the current study, we used HARDI, which can theoretically detect multiple local maxima on an orientation distribution function (ODF). Using each local maxima on an ODF, we applied the streamline algorithm to initiate and continue tractography (Tuch et al. 2003) , thus enabling us to identify crossing pathways within a voxel.
Trajectories were propagated by consistently pursuing the orientation vector of least curvature. Tracking was terminated when the angle between 2 consecutive orientation vectors was greater than the given threshold (40°) or when the pathways extended outside of the brain surface using a brain mask. The brain mask volumes were used to terminate tractography structures instead of the FA threshold (Schmahmann et al. 2007; Wedeen et al. 2008; Takahashi et al. 2010 Takahashi et al. , 2012 Vishwas et al. 2010) , because progressive myelination and crossing pathways in the developing brain can result in low FA values and the use of an FA threshold may potentially incorrectly terminate tractography tracking in regions with low FA values.
Regions of interest
Hand-drawn regions of interest (ROI) were created along the ventricular walls in each specimen and were used as a start point for tracking migratory neurons to the insula and its surrounding gyri (Takahashi et al. 2012; Xu et al. 2014; Miyazaki et al. 2016) . To track pathways between the insula and the edge of the ventricles, a second ROI was hand-drawn overlaying the insula and an ANY PART operator was used to detect pathways touching any part of the ROI. The same procedure was followed to track ventricular pathways in the IF and ST gyri. To track axonal fiber development, we used the previously made ROI overlays of the insular cortex, ST and IF gyri and tracked all pathways originating in the regions. Pathways that bowed away from the ventricles were selected by hand. U-shaped fiber development was tracked by placing an ROI sphere (diameter of 12 mm in 22 and 26 GW, 20 mm in 31 and 40 GW) in the meeting point between the parietal and temporal opercula and using a BOTH END restriction operator to select only U-fibers starting and ending within the ROI. We made sure all the Ufibers were included with the ROI, changing its size. In this study, only 1 hemisphere (right) was examined, as, for certain specimens, only one hemisphere of the brain was available. The color-coding of pathways is based on a standard RGB code, applied to the vector between the end-points of each fiber. Certain specimens (20 and 22 GW) were oriented differently during image acquisition, causing certain colorations of detected pathways to not match the other time points.
Results
IFG (Anterior to the Insula)
Tractography of the IFG, selecting for pathways originating/terminating in the ventricles, revealed a number of pathways between the ventricular and gyral surfaces. Pathways were detected from the earliest gestational age studied (15 GW). Figure 1A -D show these ventricle-IFG pathways at several stages between 15 and 21 GW, highlighting the consistent presence and prevalence of such pathways. By 21 GW, as shown in Figure 1D ,I, some pathways appeared that do not originate/terminate in the ventricle (yellow arrows). This transition of fiber shape continued and was more prevalent in older gestational ages (Fig. 1E-G) . By 22 GW, few ventricle-IFG pathways were present and most pathways had a clear separation from the ventricle (Fig. 1E,H , see orange arrows). Tractography at 26 GW showed no pathways between the ventricle and the gyral surface, with all pathways clearly separated from the ventricular surface (Fig. 1F) . At 31 GW, the axonal fibers, seen in previous gestational ages, had a more dorsal/ventral trajectory and increased thickness, as compared with 26 GW. Additionally, a small population of ventricle-IFG pathways was once again seen (Fig. 1G, see pink arrow) .
ST Gyrus (Posterior to the Insula)
Selecting for ventricular pathways in the ST region showed a small number of pathways between the ventricular and gyral surfaces at the earliest available gestational age (15 GW) ( Fig.  2A) . Similar ROI filtering in progressively older gestational ages (17-26 GW) showed a growing population of ventricle-ST pathways. Figure 2B ,C, showing 17 and 20 GW respectively, show the same trajectories of pathways seen at 15 GW but with increased thickness. GWs 21 through 26 showed further increases in these pathways along the entirety of the ST region from a wider area of the ventricular surface (Fig. 2D-F , see red brackets). Tractography at 31 GW revealed a differential distribution of ventricular and cortical pathways (Fig. 3) . Along the upper portion of the ST region, ventricle-ST pathways seen in previous gestational ages were fully replaced by cortical pathways (shown in red in the left-most panel and identified by the clear separation from the ventricle). In contrast, the lower portion of the ST gyrus is still primarily ventricle-ST pathways (shown in yellow in the left-most panel).
Insula
Tractography of the insular cortex revealed ventricular pathways primarily between the superior and anterior ventricular areas beneath the insula and the insular cortex. These ventricular-insular cortex pathways are present from the earliest available gestational age (15 GW) and are observed through 26 GW. Figure 4A ,B (15 and 17 GW) show pathways between the edge of the ventricle and the insular cortex primarily in the superior and anterior ventricular surfaces. Pathways with distinct separation from the ventricle (seen in red in sagittal views) appeared in the posterior insular cortex (PIC) at 20 GW (Fig. 4C) . Figure 4D -F show continued growth of these pathways from 21 to 26 GW. At 21 GW, the first of these cortical pathways were seen forming in the anterior insular cortex (AIC), while cortical pathways linked to the PIC further thicken; this observation continued through 26 GW, at which point ventricularinsular cortex pathways were sparse and had been largely replaced with cortical pathways in both the PIC and AIC. Tractography of the insular cortex at 31 GW showed only cortical pathways linked to the insular cortex, suggesting the completion of neuronal migration in this region (Fig. 4G) . Further imaging of the insula at the time of birth (40 GW) showed the same basic connectivity as observed at 31 GW (Fig. 4H) .
U-Shaped Short-Range Corticocortical Fibers
As the insula underwent opercularization, white matter pathways in the uppermost point of the parietal and temporal opercula were examined (see diagram of Fig. 5 ). U-shaped fiber formation connecting these 2 opercula began at 22 GW and was seen in every available gestational age following (Fig. 5) . After the initial development, U-shaped fibers in this area did not expand noticeably along the length of the lateral sulcus until 40 GW. No other pathways likely linked to U-shaped fibers were found in either the insula or its surrounding opercula.
Discussion
In this study, we followed neuronal migration and subsequent maturation of axons in and around the insula in human fetal ages. These results, in addition to demonstrating key time points for neuronal migration, suggest that neurons and axonal pathways underlying the insula and its surrounding gyri mature differentially despite their relationship during cortical folding.
Inferior Frontal Gyrus
At the earliest gestational age, 15 GW, pathways were seen with end-points in both the IFG and the ventricular zone (VZ) (Fig. 1) . The presence of these pathways in the VZ strongly suggests they are radial migration pathways (Rakic 1972 ) that originate in the VZ and terminate in the gyrus. Radial migratory pathways began to recede at 21 GW as indicated by the presence of preliminary axonal pathways that did not originate in the ventricle (Fig. 1D) . The proliferation of axonal pathways and regression of migratory pathways continued until about 26 GW, at which point only axonal pathways were present (Fig. 1F) . The time frame of this regression is consistent with previous studies studying radial migration in the fetal brain (Miyazaki et al. 2016) .
At 31 GW axonal pathways were present in larger quantities than observed at 26 GW. This increased thickness of axonal pathways is likely associated with the continuing maturation of the frontal lobe. While neuronal migration to the IFG initially concluded by 26 GW, a small population of radial pathways can be seen at 31 GW (Fig. 1G, shown in red) . This appearance and disappearance of radial pathways may be a byproduct of the protracted growth of the frontal lobe. The radial migration fiber population seen in 31 GW likely represents a later round of neuronal migration (Gressens 2000; Paredes et al. 2016 ).
ST Gyrus
Based on the VZ-ST region connectivity, the pathways shown in Figure 2 are most likely radial migration pathways. At the earliest available gestational age, 15 GW, these migratory pathways were a small clustered population leading to the ST region from the upper posterior VZ, indicating radial migration to the ST region began near 15 GW. From 15 to 20 GW these radial pathways grew in number and thickened ( Fig. 2A-C) . Between 21 and 26 GW, radial pathways expanded, occupying a wider posterior ventricular surface, and reaching the lower ST region (Fig. 2D-F) . This expansion and increasing neuron density of radial migration pathways appears consistent with previous studies conducted in primates (Cahalane et al. 2012; Charvet et al. 2015) . While the appearance of axonal pathways and subsequent regression of radial pathways occurred near 21 GW in the IFG, in the ST gyrus, axonal pathways did not begin developing until after 26 GW. This differential regression of axonal pathways is consistent with previous studies examining anterior-posterior asymmetry of migratory pathways (Miyazaki et al. 2016) .
As seen in Figure 3 , when axonal fiber development began between 26 and 31 GW it was primarily localized to the upper ST region while radial pathways were found along the lower gyrus. In earlier gestational ages radial pathways innervated the area that would later become the upper gyrus prior to spreading to the lower gyrus; therefore, it is possible this differential distribution of migratory and axonal pathways is due to the order in which neuronal migration pathways spread. Alternatively, the differential distribution may be a product of the different intended cell populations, as several lines of evidence have indicated the majority of radial migration pathways are implicated in the production of excitatory glutamatergic projection neurons (Rakic 1972 (Rakic , 1988 Bystron et al. 2008; Petanjek et al. 2009a, b) . A future line of inquiry on this topic might, using histological methods, determine the distribution of neurons along the gyrus.
Insula
Directionally colored pathways in Figure 4 all appear to be radial migratory pathways due to their end-points in the VZ and the insula. Radial pathways to the insula were present and well structured from the earliest gestational age, indicating neuronal migration to the area began several weeks prior to 15 GW. Pathways with a separation from the ventricle, most likely matured axonal pathways, initially began appearing in the PIC at 20 GW and successively in the AIC subdivisions at 21 GW (Fig 4C,D , see red pathways for axonal pathways). The PIC is known for connectivity implicating it in somatosensory recognition of pain, itch, and temperature (Damasio et al. 2000; Craig 2002 Craig , 2009 Harrison et al., 2010) while the AIC subdivisions are associated with higher-level functions such as emotion and awareness (Davidson and Irwin 1999; Kuo et al. 2009; Zaki et al. 2012) . It is possible that matured axonal pathways first develop and thicken in the PIC due to its role in more basic bodily functioning as compared to the AIC and it is more cognitive role in higher-level processing.
By 26 GW, it is clear that the radial migration pathways in the insular region are regressing and the majority of pathways are axonal pathways. By 31 GW there are no pathways seen originating from the ventricles, indicating insular neuronal migration is fully completed. Tractography of the insula at 40 GW shows the same basic connectivity as seen in 31 GW demonstrating the lack of significant axonal fiber development following the termination of neuronal migration. Comparisons with insular connectivity studies in adults show many of the same pathways as witnessed in 40 GW (Cerliani et al. 2011; Cloutman et al. 2012) , further highlighting the developmental importance of fetal insular development.
Gyral Development
In addition to examining the connectivity of the insula and its surrounding regions, at a number of time points during fetal development, we were able to gain insights into the gyrification process of the insular region. Van Essen's tension theory (1997) proposes mechanical forces necessary for cortical folding come from tension generated by axons pulling strongly interconnected cortical regions together. The theory specifically suggests that short-range inter-regional connections that traverse sulcal walls cause gyrification, and that sulci form between regions that are not so strongly connected. In both the ST and IF gyri, a distinct gyral structure had begun formation by 17 GW while operculization of the insula was underway by 20 GW. Between 17 and 20 GW, in both the ST region and the IFG, few, if any, pathways likely linked to axons were present, while most pathways detected were likely related to migratory pathways. These steps toward gyrification took place before or concurrently with the detection of the formation of axonal-like pathways in the gyri, suggesting that while axonal tension may play a role in shaping gyral structures, it likely does not play a major role in the initiation of gyrification. Alternative mechanisms, such as growth of large axons tracts (Goldman- Rakic and Rakic 1984) , in late neurogenesis and even postnatally in some species (Ferrer et al. 1988; Sawada et al. 2012; Schmidt et al. 2012) , and differential tangential expansion (Ronan et al. 2014 ) suggest multiple mechanisms may ultimately be responsible for gyrification. The results of this study, demonstrating the differential growth rate of different, related cortical regions, suggest differential tangential expansion has a significant role in the initiation of gyrification.
Limitations
The largest limitation of our study is the small number of specimens. It is difficult to resolve this issue, as securing large numbers of human fetal brain samples is difficult. The limited number of specimens available in this analysis (one per developmental stage) prevents us from concluding how well the crossing fibers are resolved per stage based on ODF maps and imposes substantial uncertainty to any reported quantitative findings and so we have relegated this topic to the future work.
To supplement the small sample size, we used brains from 2 different sources. Because brains from one of the sources (21 and 22 GW) had skulls, a different scanner system and scan parameters had to be used for them. Only 2 ex vivo specimens of 21 and 22 GW and 1 in vivo 40 GW subject were scanned at 3 T. For an in vivo subject, the 4.7 T small-bore scanner cannot be used, and the reason we used a 3 T scanner for the ex vivo brains was that they had skulls so did not fit into the 4.7 T scanner. At a 3 T scanner, high b values such as 8000 s/mm 2 is problematic to use because it makes significant artifacts with which tractography looks totally nonsense. We believe that the issue of different acquisition systems is not significant as tractography of both systems yielded similar trends. In Figure 1 , the decrease in neuronal migration pathways was consistently observed in the IFG in 21 through 26 GW. Similarly, in Figure 4 , a decrease in migratory fibers can be followed in the insula from 20 to 26 GW. In addition to sample availability, the reliability of HARDI tractography must be acknowledged. The known pitfalls of the fiber reconstruction using HARDI have been reported in recent publication (Maier-Hein et al. 2016) . In short, according to Maier-Hein et al., currently available algorithms for fiber pathway reconstruction tend to produce many false positive fibers, especially in periventricular regions (Maier-Hein et al. 2016 ). While our algorithms are similar to ones presented by Maier-Hein et al., we argue that, compared to the adult, the different architecture of fetal telencephalon, fewer number of established fiber crossings, and shorter fiber pathways lead to a significantly smaller number of reconstructed false positive pathways.
